The genotoxic effects of benzene in lung cells of mice exposed to single acute doses by inhalation have been estimated by cytogenetic analysis of micronuclei in primary cultures of lung fibroblasts. Mice were nose-only exposed to 1000 p.p.m. for 30 or 60 min or to 3500 p.p.m. for 30 min and sacrificed 24 h after the end of exposure. Lung fibroblasts were cultured attached to coverslips for 72 h, the last 48 h in the presence of 0.75 |ig/ml cytochalasin B. Micronuclei were scored in binucleate cells. The mechanism(s) of micronucleus induction was characterized by immunofluorescent staining of kinetochore proteins (CREST staining), which allowed micronuclei due to chromosome loss (kinetochore-positive) to be distinguished from those produced by chromosome breakage (kinetoehorenegative). Three-and 4-fold statistically significant increases in total micronucleus frequencies were observed in all benzene-exposed mice with respect to unexposed controls. The effect was neither concentration nor time dependent This is compatible with a plateau dose-effect relationship for the effects on bone marrow, which is explained by saturation of metabolism. Both chromosome loss and chromosome breakage appear to contribute to micronucleus formation, suggesting that in addition to chromosome rearrangements, aneuploidy may be a relevant early genotoxic event associated with benzene carcinogenicity. Under the same treatment conditions no micronucleus induction could be shown in spleen lymphocytes, suggesting that with very short benzene exposures cells at the first contact site with local metabolizing capacity have a higher probability of genetic alterations potentially leading to neoplasia.
Introduction
Benzene is a widely used industrial chemical and it appears to be a ubiquitous environmental pollutant (Wallace, 1989) . Benzene is classified by the International Agency for Research on Cancer (IARC) as a group 1 carcinogen, with sufficient evidence of carcinogenicity in man and in laboratory animals (IARC, 1987) .
There has been little evidence for direct damage to DNA by benzene. Biotransformation is considered important for expression of benzene toxicity. Metabolism of benzene occurs primarily in the liver (Snyder et al, 1993) , but metabolic competence of bone marrow (Eastmond et al, 1986) and lung (Chaney and Carlson, 1995) monooxygenases has also been demonstrated. The initial step in metabolism of benzene results in formation of phenol. Cytochrome P450-mediated metabolism of phenol then leads to formation of hydroquinone and catechol, which can be further oxidized to benzoquinones. The quinone metabolites of benzene are direct acting alkylating agents capable of reacting with cellular nucleophiles, including DNA (Jowa et al, 1990) .
Haematopoietic tissues are the most sensitive targets of benzene toxicity and carcinogenicity and heavy exposure in man has been associated with development of aplastic anemia, acute myelogenous leukemia and, possibly, lymphoma (Rinsky et al, 1987; Snyder et al., 1993) . In rodent experiments chronic exposure appears to increase the incidence of several types of tumours, including lung tumours, leukemia and lymphoma (Huff et al, 1989) .
The mechanism(s) of benzene carcinogenicity has not yet been fully elucidated. Non-genotoxic effects on cell cycle control have been suggested by benzene-induced activation of membrane protein kinase C (Da Silva et al, 1989) , but the hypothesis of benzene acting as an indirect genotoxic carcinogen is strongly supported by the well-documented genotoxic activity of some of its major metabolites, especially hydroquinone. Cytogenetic damage, including structural aberrations, micronuclei and sister chromatid exchanges (SCEs), have been demonstrated in bone marrow cells, splenocytes and peripheral blood lymphocytes of mice exposed to benzene i.p. (Ciranni et al, 1988) , orally (Ciranni et al, 1991; Chen et al, 1994a) or by inhalation (Tice et al, 1980 (Tice et al, , 1989 Erexson et al, 1986; Au et al, 1991; Farris et al, 1996) . Recently the occurrence of DNA adducts in bone marrow cells of benzeneexposed mice has been documented (Pathak et al, 1995) . As early as the early 1970s elevated frequencies of chromosome aberrations in lymphocytes of individuals exposed to relatively high concentrations of benzene for long periods had been documented (Forni et al, 1971; Dean, 1985) . The most recent epidemiological studies have focused on low exposures and deal with much lower levels of cytogenetic damage, but still show dose-related effects (Tompa et al, 1994; Carere et al, 1995) . hi addition to a genotoxic mechanism based on chromosome breakage, a role of aneuploidy in the carcinogenicity of benzene has been postulated following observations of chromosome loss and gain in bone marrow cells and splenocytes of mice exposed to benzene (Chen et al, 1994a) or hydroquinone (Pacchierotti et al, 1991; Chen et al, 1994b) .
The respiratory tract is the most important route of human exposure to benzene, but little is known about the genotoxicity of benzene in the lung. Inhalation exposure of mice was shown to induce gene mutations in the lad transgene recovered from lung cells (Mullin et al, 1995) and a significant increase in chromatid aberrations was detected in lung macrophages of mice exposed by inhalation to a concentration of benzene in the range of occupational exposure (Au et al, 1988) .
o whom correspondence should be addressed. Tel: +39 6 3048 4442; Fax: +39 6 3048 3805; Email: pacchier@casaccia.enea.it R.Ranaldi el al A few methods have been established to measure short term cytogenetic damage after inhalation exposure in rodent lung cells. Chromosome aberrations and SCEs have been scored in pulmonary alveolar macrophages, in spite of their low mitotic index (Au et al, 1988; Rithidech et al, 1990) and in primary cultures of lung fibroblasts of rats (Whong et al, 1990 ) and mice (Campbell et al, 1986; Kligerman et al, 1987 Kligerman et al, , 1992 ). An ex vivo micronucleus test in cytokinesis-blocked primary lung fibroblasts has been applied to inhalation-exposed Chinese hamsters (Heddle et al, 1990) and rats (Whong et al, 1990; Khan and Heddle, 1991) , but, so far, it has not been applied to exposed mice.
The study described in this paper was conducted to provide data on short term cytogenetic damage by benzene in lung cells of inhalation-exposed mice, which could contribute to an understanding of the mechanisms of benzene carcinogenicity in this target organ. To this end we have standardized the ex vivo micronucleus test in primary lung fibroblasts of mice and have introduced immunofiuorescent detection of kinetochore proteins (CREST staining) to distinguish between micronuclei induced by chromosome breakage and chromosome loss (Degrassi and Tanzarella, 1988; Miller and Adler, 1990; Chen et al, 1994a) . Finally, we have compared induction of micronuclei in lung cells with micronucleus induction in splenocytes, a similarly in vivo non-cycling cell population, to characterize the relative importance of target organ after inhalation, the most relevant route of human exposure.
Materials and methods

Animals
B6C3F1 and C57B1/6J male mice, between 3 and 6 months of age, were used throughout the experiments. The animals were kept in plastic cages and fed with pelleted food and chlorinated water ad libitum. Animal quarters were maintained at 20°C, 60% relative humidity on a 12 h light/dark cycle. Animals were housed and treated in compliance with the ethical provisions enforced by the European Union; the specific experiments were authorized by the National Committee on in vivo experimentation (authorization no. 78/96-B)
Inhalation exposure Mice were exposed to benzene in a nose-only inhalation chamber (Villaschi et al, 1991) . The exposure unit, entirely made of stainless steel, consisted of a rectangular parallelepiped exposure chamber of 12 1, in the front wall of which are drilled four tiers of equally spaced exposure ports to which the mouse restrainers are connected by means of a brass hub. Inside the chamber, in front of each tier of six ports, there is a conducting pipe provided with six slits through which gas flushes towards the respective exposure port.
Animals were randomly assigned to one of four experimental groups: unexposed; 30 min 1000 p.p.m. benzene (purity 5*99.8%; Carlo Erba, Milano) exposure (500 p.p.mTh); 60 min 1000 p.p.m. benzene exposure (1000 p.p.mih); 30 min 3500 p.p.m. benzene exposure (1750 p.p.mTh). Benzene vapour was generated by bubbling air through liquid benzene. The temperature was maintained al 23 ± 2°C with 60 ± 5% humidity. The benzene concentration was regulated by controlling the bubble temperature and air flow and monitored every 4 min by gas chromatography (Varian 3300; Varian, Sunnyvale, CA).
Primary cultures of lung cells
All mice were sacrificed 24 h after the end of exposure. Animals were anaesthetized with 0.05 ml sodium pentobarbital (50 mg/ml Nembutal; Abbott Laboratories, North Chicago, IL). Lung cells were isolated and cultured following the method of Kligerman et al (1987) with minor modifications. The chest and the cervical area were opened to expose the lungs and trachea. After severing the inferior vena cava the lungs were perfused through the right ventricle with 20 ml 0.5 mM EGTA (Sigma Chemical Co., St Louis, MO) solution in Hank's balanced salt solution (HBSS) (calcium-and magnesium-free). After the lungs became blanched they were inflated through the trachea with a solution consisting of 0.13% trypsin (Gibco, Paisley, UK), 0.01% EDTA (Sigma Chemical Co.) and 50 U collagenase/ml (Worthington Biomedical Corporation, Freehold, NJ). The lungs were left inflated for 5 min, removed, minced and incubated with rocking for 120 min at 37°C in the EDTA + enzyme solution. The supernatant, which contained mainly individual cells, was dien collected and 1.5 ml DNase I (60 U/ml in HBSS; Sigma Chemical Co.) were added to enhance pelleting of the cells during centnfugation. The pellet was then washed twice with complete medium (Williams' medium E supplemented with 10% fetal bovine serum, 2 mM L-glutamine and 5 |lg/ml penicillin + streptomycin; Gibco). Approximately 1X10 7 cells were harvested per animal. The percentage of viable cells checked by trypan blue exclusion was consistently ~80%. Aliquots of 1X10* total cells in 2 ml complete medium were seeded onto 22 mm square coverslips in 35 mm tissue culture dishes. This concentration was always compatible with the need for a dense enough slide to be easily scored, at the same time avoiding too much cell overlap, which would prevent unequivocal identification of binucleate cells. At least four replicate plates were established for each animal. Cytochalasin B (0.75 |ig/ml; Sigma Chemical Co.) was added to each culture 24 h after the start of culture to prevent cytokinesis and produce binucleate first generation cells. The concentration of cytochalasin B was standardized after a series of experiments showing that concentrations higher than that finally chosen were toxic to the cultured primary fibroblasts. Cells attached to the coverslip were fixed 48 h later, i.e. 72 h after initiation of culture, in 3:1 methanol:acetic acid or 100% ethanol for subsequent Giemsa or CREST staining respectively.
Primary cultures of splenocytes
Splenocyte cultures were established from six of the eight mice exposed to 3500 p.p.m. for analysis of lung cells and two additional mice exposed to 1000 p.p.m. for 60 min, sacrificed as the others 24 h after exposure. Splenocyte cultures were also set up from five unexposed mice. Spleens were removed, washed in HBSS and the cells mechanically teased from the connective tissue using forceps. The splenocytes were then isolated by Histopaque (Sigma Chemical Co) density gradient centrifugation and cultured in RPMI 1640 (Gibco) supplemented with 20% fetal calf serum, 5 Hg/ml concanavalin A (Sigma Chemical Co.) and 5 u.g/ml penicillin + streptomycin, at an initial density of 2X10 6 cells/ml. Cultures were maintained at 37°C in a 5% CO2 atmosphere; 21 h after culture initiation cytochalasin B (5 ng/ml) was added. Cells were harvested at 45 h by centrifugation onto slides (Cytospin 2; Shandon, Pittsburg, PA), followed by fixation in 100% methanol for 10 min at room temperature.
Slide staining
To measure the frequency of binucleate cells with micronuclei slides were stained with Giemsa.
To discriminate between centric and acentric micronuclei immunofluorescent staining with anti-kinetochore (CREST) antibodies (Degrassi and Tanzarella, 1988; Eastmond and Tucker, 1989) was applied to lung cell preparations from control and 3500 p.p.m.-exposed mice. Briefly, the slides preserved at -20°C in 100% ethanol were fixed in paraformaldehyde for 40 s and rinsed in phosphate-buffered saline (PBS) containing 0.01% Tween 20 for 5 mm. They were subsequently placed for 5 min in PNM buffer (0.1 M phosphate buffer containing 5% powdered non-fat milk supernatant and 0.5% Nonidet P-40). The CREST antibody (Antibodies Inc., Davis, CA) (1:1 dilution in PBS) was applied to the slides for 60 min. After rinsing in 0.1% Tween 20 and further treatment with PNM buffer the CREST antibody was labelled with fluoresceinated goat anti-human IgG (1:60 dilution in PBS) for 60 min. The signal was amplified by adding another layer of fluoresceinated rabbit antigoat IgG (1:36 dilution in PBS). Propidium iodide (0.5 |ig/ml in antifade) was used to stain DNA. Slide scoring Giemsa stained slides were scored to determine the percentage of binucleate cells as a marker of in vitro proliferation. Between 600 and 1000 binucleate cells were scored in the cultures of lung fibroblasts established from each mouse to measure the frequencies of cells with micronuclei and of micronuclei per cell. Not less than 1000 binucleate splenocytes were analyzed per mouse. Micronuclei were scored according to internationally standardized criteria on size, shape and position with respect to the main nuclei (Heddle et al, 1990) .
The frequencies of micronucleated lung cells were independently established in the slides utilized for immunofluorescent characterization of micronuclei and counterstained with propidium iodide. Over 12 000 binucleate cells were scored from three unexposed mice and four mice exposed to 3500 p.p.m. During this analysis 145 and 449 micronuclei were detected in the two dose groups respectively, which were characterized for the presence of centromereassociated kinetochore proteins.
A systematic CREST analysis was not carried out in the case of splenocytes. However, some of the slides from 3500 p.p.m. treated mice were processed by immunofluorescent staining and 28 micronuclei detected in these slides were analyzed for the presence of a kinetochore region.
Statistical analysis X
2 analysis was used to test for possible heterogeneity within experimental groups, for differences between strains and for differences between the control with respect to unexposed mice of the same strain(s): P < 0.01. y with respect to unexposed mice of the same strain(s): P < 0.001. c Student's r-test with respect to unexposed mice: P < 0.001. V with respect to B6C3F1 mice: P < 0.01. and treated groups, relative to the total frequency of micronuclei as well as to the frequencies of CREST-and CREST+ micronuclei. Homogeneous groups were pooled over individual animals and compared by a 2X2 x 2 tes t. Heterogeneous groups were compared using a variance ratio value (F) calculated from the between and within group % 2 values. Student's r-test was used for statistical analysis of the number of micronuclei per cell.
Results
Three sets of experiments were sequentially carried out to answer the following questions:
(i) does inhalation of benzene increase the level of genetic damage leading to micronuclei during proliferation of lung nbroblasts?
(ii) what is the mechanism of micronucleus formation, deduced from the presence/absence of the kinetochore proteins? (iii) is an exposure which is genotoxic for lung fibroblasts similarly genotoxic for spleen lymphocytes?
The first series of experiments, aimed at detecting a genotoxic effect of benzene inhalation upon lung fibroblasts, yielded the results shown in Table I . Under each exposure condition a minimum of two B6C3F1 and two C57B1/6 mice were sacrificed. From each animal two or three independent cultures were established which consistently provided homogeneous results. No statistically significant difference in the percentage of binucleate cells was observed between the exposed and the unexposed mice when the possible heterogeneity within group was taken into account. Such a heterogeneity was detected only between the two C57B1/6 mice exposed to 1000 p.p.m. for 30 min and in the two unexposed groups.
A significant difference in the percentage of binucleate cells between strains was observed after 1000 p.p.m. for 60 min and 3500 p.p.m. for 30 min, but in the former case C57B1/6 showed the highest mean value, while in the latter the reverse pattern was observed. Thus no systematic difference was detected in the percentage of binucleate cells between the two strains.
The percentage of cells with micronuclei ( Figure la ) was always homogeneous among animals of the same experimental group. No difference was observed for this parameter between the two strains. A statistically significant increase was shown in all benzene-exposed groups over the mean value of the unexposed animals (Table I) . However, the effect was not linearly related with either time of exposure or dose. Cells with more than one micronucleus ( Figure lb) were observed in samples from both unexposed and exposed mice. Their frequency increased from 5% of the total damaged cells in unexposed groups to 11% at 1750 p.p.m./h. This was a futher indication that inhalation of benzene induced genetic damage in lung cells.
To elucidate the mechanism of micronucleus formation a second group of mice was exposed to 3500 p.p.m. for 30 min and matched to a new group of three unexposed mice. Slides obtained in these experiments were stained with propidium iodide and fluorescent anti-kinetochore antibody (CREST staining). This allowed discrimination of micronuclei with and without kinetochores (Figure lc and d) , which would supposedly originate from chromosome loss and chromosome breakage respectively. The frequencies of binucleate cells with micronuclei observed in these experiments (Table U) were significantly higher than the frequencies calculated from the Giemsa stained slides (Table I ) matched for strain and exposure. A statistically significant effect of benzene was confirmed and, again, a higher proportion of damaged cells with more than one micronucleus was detected in exposed than in unexposed animals (data not shown). The standard deviation associated with the mean number of micronuclei per cell of the exposed group was higher than that calculated for the unexposed animals. Although standard deviations of the same order of magnitude were also observed for some other experimental groups, including control mice (Table I) , it can be expected that treated animals represent a more heterogeneous group than untreated control animals. Of 145 micronuclei observed in unexposed fibroblasts 26% contained a kinetochore signal, whereas 34% of 449 micronuclei observed in benzene-exposed fibroblasts showed a positive reaction with anti-kinetochore antibodies: the difference between the proportions of kineto- 2 test with respect to unexposed mice. P < 0 001.
•"Student's r-test with respect to unexposed mice: P < 0.001. chore-positive micronuclei in unexposed and benzene exposed cells was not statistically significant (0.05 < P < 0.10).
An additional way of analysing the data, with the aim of clarifying the mechanism of micronucleus induction, is to compare the frequencies of kinetochore-positive and kinetochore-negative micronuclei separately between control and treated groups. When we analysed our data in this way a statistically significant increase in the exposed group was observed for both classes (Figure 2 ), suggesting that benzene induced both chromosome loss and chromosome breakage.
To evaluate the response of splenocytes to inhalation of benzene and to compare this response with that of lung cells short term splenocyte cultures were established from some of the 3500 p.p.m.-exposed animals used for analysis of lung fibroblasts. In addition, splenocyte cultures were set up from 456 five unexposed mice and two mice exposed to 1000 p.p.m. for 60 min. Neither the percentage of binucleate cells nor the frequency of cells with micronuclei were significantly higher in the exposed than in the unexposed animals (Table HI) . For this reason a characterization of micronuclei by CREST staining was not systematically carried out in splenocytes. However, it was applied to some splenocyte preparations from 3500 p.p.m.-exposed mice. Of 28 analysed micronuclei 11 (39%) snowed a kinetochore signal.
Discussion
The genotoxic and carcinogenic effects of benzene on bone marrow cells are well characterized in experimental models (Dean, 1985) . Fewer data have so far been collected on the effects of benzene inhalation in lung cells, in spite of the fact that inhalation is the main route of human exposure to this chemical, which is a major component of cigarette smoke and automobile emissions. The available data suggest that the lung is indeed a target of benzene-induced genetic damage: elevated frequencies of tumours (Huff et ai, 1989) , gene mutations (Mullin et ai, 1995) and chromosome aberrations (Au et ai, 1988) have been shown in the lungs of mice after benzene inhalation and a high capacity for biotransformation of benzene into the genetically active metabolite hydroquinone has been demonstrated for rat pulmonary microsomes (Chaney and Carlson, 1995) . Recently the importance of cytogenetic analyses of genotoxic damage in tissues other than bone marrow has been suggested to strengthen the power of prediction of short term tests for late effects of chemicals, especially carcinogens (Angelosanto, 1995) . Among other reasons, proliferating bone marrow cells could not adequately reflect the accumulation of damage in non-dividing cells such as lung fibroblasts, which is especially relevant under conditions of low chronic exposure. In particular, cytogenetic analysis of lung cells has been proposed, as an important contribution to identify the hazard and assess the risk of substances for which inhalation is a major route of human exposure (Environmental Protection Agency, 1992) .
The relevance of studies on the consequences of benzene exposure via inhalation is reinforced by the data showing that higher tissue and blood levels of reactive benzene metabolites are formed in mice after inhalation than after oral or i.p. exposure (Henderson etai, 1989) and that, accordingly, greater toxic and genotoxic effects are induced in mouse bone marrow cells after inhalation than after oral treatment (Tice et ai, 1989) .
In the present study we have standardized a method for measurement and characterization of micronuclei in primary cultured lung fibroblasts of mice, which we have tested in animals exposed to nose-only acute inhalation of benzene.
We have demonstrated that benzene induces genetic damage in lung fibroblasts which, during cell proliferation, leads to micronucleus formation. In the range 500-1750 p.p.m./h the effect was independent of concentration and time of exposure. The majority of studies on genotoxic effects induced by inhalation of benzene have dealt with chromosome damage in mouse bone marrow cells after chronic or subchronic exposure. Tested concentrations ranged from 1 to 300 p.p.m. for as long as 13 weeks (Toft et al., 1982; Tice et ai, 1989; Farris et ai, 1996) . In most of these studies only one exposure concentration was tested. Two studies (Toft et ai, 1982; Farris et ai, 1996) , testing different concentrations from 1 to 200 p.p.m., showed a dose-dependent increase in micronucleated polychromatic erythrocytes which was best fitted by a quadratic equation (Farris et ai, 1996) . Two papers report data on the effects of short exposures (4 and 6 h) of mice to rather high concentrations up to 12500 p.p.m./h (Tice et ai, 1980; Erexson et ai, 1986) . Concentration-related effects are reported between 60 and 6000 p.p.m./h, but the dose-effect curve is non-linear, with the greatest slope at the lower concentrations. This flattening of the response at the highest dosages has been explained by saturation of the metabolic pathways leading to the putative toxic metabolites (Grilli et ai, 1987; Henderson et ai, 1989) . It is conceivable that the dose range tested in our experiments is beyond the range of exposure doses linearly related to the amount of toxic metabolites formed.
We did not detect significant differences in the response of C57B1/6 and B6C3F1 mice. Consistent with our observations, C57B1/6 and B6C3F1 mice showed similar levels of toxic and genotoxic damage in bone marrow after chronic inhalation of 300 p.p.m. benzene (Luke et ai, 1988) .
We have shown that inhalation of benzene increases the probability of both chromosome loss and chromosome breakage in lung fibroblasts when they are stimulated to proliferate. The increase in CREST-positive micronuclei over the background level was even higher than the increase in CRESTnegative micronuclei (Figure 2 ). Both chromosome loss and chromosome breakage were shown to produce micronuclei in mouse bone marrow cells and spleen lymphocytes after acute oral treatment with benzene (Chen et ai, 1994a) . In cultured splenocytes isolated after in vivo exposure chromosome loss was the predominant effect. It is interesting to note that benzene exposure of both lung fibroblasts and splenocytes did not occur during mitosis. In fact, lung fibroblasts in this respect are comparable with splenocytes, in that they are in a physiological non-dividing state in vivo (Campbell et aL, 1986) , but can re-enter the cell cycle under appropriate culture conditions. The occurrence of chromosome malsegregation separated in time from the aneugenic exposure suggests retention of activated aneugenic metabolites at least until the first cell division (Farooqi et aL, 1993) and/or the persistence of pre-aneugenic lesions. The latter mechanism could possibly explain the increase in centromeric micronuclei and malsegregated chromosomes in mouse splenocytes observed up to several days after X-irradiation in vivo (Hande et aL, 1996 (Hande et aL, , 1997 . As for possible aneugenic intermediates of benzene metabolism, hydroquinone has been shown to possess both clastogenic and aneugenic activity, in vitro (Yager et aL, 1990; Natarajan, 1993) as well as in vivo (Adler, 1993; Chen et aL, 1994a) . Finally, the possibility cannot be excluded of micronuclei being formed in vivo as a consequence of benzeneinduced cell proliferation, although in this case it should be assumed that they are retained in the cytoplasm until the second in vitro cell generation.
Even though, as already discussed, the percentage of cells with micronuclei and the number of micronuclei per cell did not differ significantly among the three dose groups, the question could be asked whether there is any difference in the spectrum of CREST-positive and CREST-negative micronuclei as a function of exposure time or concentration. This problem was not addressed in our study; however, preliminary results of experiments carried out in mice exposed to 200 p.p.m. benzene for 1 h (unpublished data), showing that micronuclei were still statistically elevated over the background level and again 35% of them were CREST positive, do not support the hypothesis of concentration-related changes in the relative contribution of aneugenic activity to benzene genotoxicity in lung cells.
Aneuploidy plays an important role in neoplastic development (Oshimura and Barrett, 1986) . Numerical chromosome abnormalities are often associated with malignant transformation in vitro (Knuutila, 1987) and, conversely, several chemical aneugens have been shown to induce cell transformation (Parry et aL, 1996) . Aneugenic events appear to be involved in the promotion stage of hepatocarcinogenesis in vivo (Van Goethem et aL, 1995) . The significant increase in chromosome loss observed in our and in other studies a short time after exposure to benzene suggests that aneuploidy, in addition to chromosome rearrangements, may be a significant early genotoxic event associated with benzene carcinogenicity.
Chronic inhalation exposure to benzene was shown to induce statistically significant increases in chromosome aberrations (Au et aL, 1991) and mutations (Ward et aL, 1992; Mullin et aL, 1995) in mouse splenocytes and a significant 2-to 3-fold increase in micronuclei was demonstrated in the same cells after a single oral treatment with 220 or 440 mg/kg (Chen et aL, 1994a) . We wanted to investigate whether spleen lymphocytes were a target of benzene genotoxicity under conditions of acute inhalation exposure and to compare the amount of damage between lung fibroblasts and splenocytes, similarly quiescent cell populations located in different body areas with different metabolizing capacities.
In contrast to the response of lung fibroblasts, under our experimental conditions we did not observe any induction of micronuclei in splenocytes of exposed mice. Even when lung fibroblasts and the splenocytes were harvested from the same animal the clear-cut effect observed in lung cells was not accompanied by any evidence of micronucleus induction in the spleen. This suggests that with very short exposures cells at the first contact site which have a local metabolizing capacity can be directly affected, while blood levels of active metabolites might be too low to elicit a response in the spleen.
In this study we have demonstrated that an ex vivo micronucleus assay previously developed for hamster and rat lung fibroblasts (Heddle et aL, 1990; Khan and Heddle, 1991) can be successfully applied to exposed mice as well. In fact, enough viable cells can be harvested from each animal to make possible the evaluation of individal animal responses. Under the culture conditions described lung fibroblasts, which are physiologically quiescent in vivo, start to divide, as shown by the data on the percentage of binucleate cells and also by the mitotic index, which in parallel cultures without cytochalasin B ranged from 2.2 to 2.5%. A critical variable for the yield of scorable cells was the maximum allowable non-toxic concentration of cytochalasin B (0.75 (ig/ml), which was significantly lower than that utilized for other cell types (Surrall6s and Natarajan, 1997). CREST staining, already standardized in a variety of cell types, was reproducible in these cells too and was a good complement to the estimation of total micronucleus frequency.
Both conventional and fluorescent staining are applicable to quantitate micronucleus frequencies. We consistently observed higher frequencies of micronucleated lung fibroblasts after propidium iodide than after Giemsa staining, although this difference did not affect in any way evaluation of the genotoxicity of benzene. Higher frequencies of micronuclei have already been reported (Tinwell and Ashby, 1989; Titenko-Holland etal., 1994; Surralle'sef aL, 1995) after staining with fluorescent dyes than after non-specific microscopic staining techniques, such as Giemsa, in a variety of cell types. It has been suggested (Surraltes et aL, 1995) that small light micronuclei have a higher probability of detection in fluorescent dye stained slides because of the better contrast between micro(nuclear) material and cytoplasmic background obtained with these dyes.
In conclusion, we have demonstrated that structural and numerical chromosome changes are induced in mouse lung fibroblasts by acute inhalation of benzene. As a follow-up to these results we plan to conduct experiments at low chronic exposure levels and use molecular cytogenetic characterization of chromosome damage by metaphase FISH analysis.
